Abstract In this study, the effects of b-amino-butyric acid (BABA) on root-knot nematode(Meloidogyne javanica) infection of cucumber and accumulation of total phenolic compounds, hydrogen peroxide and activity of some enzymes related to plant defense mechanisms, i.e., guaiacol peroxidase (GPOX), polyphenol oxidase (PPO), catalase (CAT) in cucumber roots infected with nematode were investigated. Results of this study show that treating the cucumber seedlings with the above elicitor significantly reduces the nematode infection level (the nematode galls, number of egg masses per plant and number of eggs per individual egg mass) compared to control. Additionally, treatment of cucumber roots by BABA and BABA ? nematode, significantly increased peroxidase, polyphenol oxidase and catalase activities in root tissues, 1 day after nematode inoculation in comparison to nematode inoculated plants as control and sterile water-treated plants. Enzyme activities reached to a maximum level at 4, 4 and 3 days after nematode inoculation, respectively. Additionally, the amount of H 2 O 2 , a product of oxidative stress, was significantly increased in the BABA and BABA ? nematode treatments in comparison to control. Such increases have occurred in two phases and maximum levels of it were observed at 5 days after inoculation. Inoculation of cucumber plants by BABA also significantly increased accumulation of total phenol in comparison to control and maximum level of it was observed at 7 days after nematode inoculation. The results suggest that the inhibitory effect of BABA on the root-knot nematode (M. javanica) may be related to its ability to enhance defense responses in the cucumber roots.
Introduction
Root-knot nematode (Meloidogyne spp.) is one of the most important nematode in field and greenhouse-grown crops. Among the alternative methods developed for management of the nematode, the use of induced plant defense mechanisms by utilizing chemical and microbial elicitors have shown increasing interests and researchers have applied it on a variety of crop plants. Over the last 30 years, a number of chemical compounds have been shown to increase disease resistance of plants. Salicylic acid (SA), and its functional analogs [isonicotinic acid (INA), benzothidiazoles (BTH)] and b-amino-n-butyric acid (BABA) are among the most thoroughly studied compounds for inducing disease resistance (Gorlach et al. 1996; He and Wolyn 2005; Sahebani and Hadavi 2009) . These compounds activate resistance in many crops against plant diseases that are incited by a variety of pathogens including, fungi, bacteria, viruses, and nematodes (Kessmann et al. 1994; Cohen 1994; Oostendorp and Seikora 1990) . Plant molecules thought to be plant defense signals, such as ethylene, systemin, jasmonic acid (JA) and methyl jasmonate (MeJA) also have been reported to induce local and systemic resistance in plants to several pathogens (Oka et al. 1999 ). For instance, Nandi et al. (2003) have used exogenous SA as plant inducer for suppression of Meloidogyne incognita infestation of okra and cowpea. They showed that foliar spray of SA significantly reduces the nematode gall and the number of eggs per gram of root tissue. Their study also shows a significant increase in activity of phenylalanine ammonia lyase and pathogenesisrelated protein-1 (PR-1) accumulation in roots. Cooper et al. (2005) , however, have indicated that application of jasmonic acid as a plant-signaling compound to tomato foliage induces systemic effects on root-knot nematode and causes significant reduction in nematode egg masses/g root tissue. They believe that the mechanism through which JA suppresses nematode infestation is ought to be transported from foliage to roots.
BABA is a nonprotein amino acids have been used as plant inducers against a broad spectrum of pathogens in several crops (Oka et al. 1999; Lee et al. 2000) . Oka et al. (1999) utilized the BABA as a resistance inducer in tomato. They have indicated that foliar spray and soil drenching with BABA causes local and systemic induction of plant defense mechanisms and reduces the root galling as well as the number of eggs. Ton et al. (2005) have shown that plants treated with BABA develop an enhanced capacity to resist biotic and abiotic stresses. They have also shown that induced resistance fails at low BABA concentration whereas female sterility occurs at high BABA concentrations. They have also suggested that defection in the priming for SA dependent defenses in plants (such as PR-1) reasonably correlates with defection in BABAinduced resistance. This leads to the consideration of BABA as an accelerator of the SA response pathway. The effects of BABA, Salicylic acid (SA), and Pseudomonas fluorecens CHAO on H 2 O 2 generation and activity of the enzymes related to its metabolism, i.e., superoxide dismutase (SOD), guaiacol peroxidase (GPOX), and catalase (CAT) were investigated in tomato roots infected with root-knot nematode (M. javanica) by Sahebani and Hadavi (2009) . They showed that BABA has reduced the nematode infection level, H 2 O 2 accumulation and the SOD and GPOX activities more than the other tested elicitors.
Activation of enzymes related to plant defenses against pathogens and accumulation of plant defense metabolites are the most important mechanisms of chemical inducers in related to plants. However, little work has been reported on how these chemical inducers may affect induction of defense compounds. As mentioned above, SA increases the activity of phenylalanine ammonia lyase and pathogenesisrelated protein-1 (PR-1) accumulation in roots. Many plant enzymes are involved in defense reactions against plant pathogens. One example is the peroxidase (POX) that belongs to an important enzyme system generating H 2 O 2 which is also capable of reducing its level. This H 2 O 2 level reduction can be accomplished during H 2 O 2 -dependent lignin biosynthesis (Ben Amor et al. 2005; Monties 1989; Vance et al. 1980 ) and H 2 O 2 -dependent cross-linking of cell wall proteins such as hydroxyproline rich glycoproteins (Iiyama et al. 1994) . Catalase (CAT) also plays an important role in the catabolism of H 2 O 2 . This enzyme catalyses the dismutation of H 2 O 2 into water and oxygen. The second role of CAT is peroxidative activity that is when one molecule of H 2 O 2 and one molecule of hydrogen donor serve as substrates. According to Ben Amor et al. (2005) , CAT plays the role of a specific GPOX protecting cell from toxic effects of H 2 O 2 . Zhang et al. (2007) used BABA as an inducer for the ability to reduce fusarium head blight of wheat in the green house condition. They showed that application BABA at concentration of 1 mM significantly reduce disease severity.
The first objective of this study was to determine the effect of BABA as a plant defense inducer on the infection and reproduction of M. javanica on cucumber plant and secondly, to verify if the induced resistance mechanism is responsible for the capacity of BABA, to control root-knot nematode, M. javanica. The objectives of this study were addressed by monitoring the activity of peroxidase, polyphenol oxidase, catalase, and accumulation of total phenolic compounds and hydrogen peroxide, accepted markers of induced resistance.
Materials and methods

Nematode inoculum preparation
Infected sample was collected from a tomato field in Shiraz (Fars province, Iran) and single egg mass was used to establish a population on Rutgers tomato variety for the experiment. Eggs were extracted from infected tomato roots using 1% NaOCl. Extracted eggs were gently washed with tap water to remove NaOCl (Hussey and Barker 1973) . The species of nematode was identified as M. javanica according to morphological and morphometrical characters Eisenback (1985) .
Plant material
Experiments were carried out with cucumber (Cucumis sativus var. super Dominus) grown in a controlled-environment cabinet. The air temperature was maintained at 27°C.
Greenhouse experiments
The cucumber seeds were surface sterilized with 1% sodium hypochlorite for 5 min and was sown in pots containing sterile soil containing sterile soil [mixture of field soil (silty clay; 78% organic matter) and sand (1:1 v/v)]. Seedlings with 4-6 leaves were soil drenched (25 ml per plant) with BABA solution (10 mM). One day after treatment, seedlings were inoculated with 2000 nematode second juvenile (J2) per individual seedling (Oka et al. 1999) , having sterile distilled water as control. Forty days after inoculation of seedlings with nematode, root and aerial portion weight of plants, number of galls and egg masses per seedling and the number of eggs per individual egg mass were evaluated. Other treatments in this experiment were: (1) cucumber seedling treated with sterile distilled water and (2) cucumber seedling treated with BABA. The experiment was performed as RC design with 10 replications.
Effect of BABA-treated root on some plant defense mechanisms
The cucumber seeds were surface sterilized as described above and were sown in pots (1 kg) containing sterile soil. Seedlings with 4-6 leaves were soil drenched (25 ml per plant) with BABA suspension (10 mM), having sterile distilled water as control. One day later, seedlings were inoculated with 2,000 nematode second juvenile (J2) per individual seedling. Root sampling and measurement of H 2 O 2 content, GPOX, PPO and CAT activities were carried out for 7 days and total phenolic compounds 9 days with 1 day intervals. Other treatments in this experiment were: (1) cucumber seedling treated with sterile distilled water and (2) cucumber seedling treated with BABA.
Enzyme activity assays
For measuring the enzyme activities, 0.5 g root tissue was homogenized in 5 ml, 10 mM potassium phosphate buffer (pH 7.0) containing 4% (w/v) polyvinylpyrrolidone (MW 25,000). The homogenate was centrifuged at 12,000g for 30 min and the obtained supernatant was, then, used as root extract. All steps in the preparation of the root extract were carried out at 0-4°C. An aliquot of the extract was used to determine its protein content using the method introduced by Bradford (1979) utilizing bovine serum albumin as standard. The supernatant to be used for peroxidase, polyphenol oxidase and catalase activity assay, was transferred to a 1.5 ml vial and stored at -40°C.
Peroxidase assay
The POX activity was assayed by measuring the increase in absorbance at k max of 475 nm due to oxidation of guaiacol (Dias and Costa 1983) . The 2 ml reaction mixture used for this case consisted of 25 mM of phosphate buffer with pH of 7.0, 0.05% guaiacol (w/v), 1.0 mM of H 2 O 2 , 0.1 mM of EDTA, and 0.2 ml of the root extract. Peroxidase activity was expressed as the change in absorbance of the reaction mixture at 475 nm per mg of total protein per min.
Polyphenol oxidase assay
The following reaction mixture (2 ml) was used: crude extract (containing 40 lg protein), 20 lL of 500 mM prolin and 25 mM citrate phosphate buffer (pH 6.4). The reaction was started by addition of 40 lL of 1 M catechol and the initial rate of increase in absorbency at 515 nm was measured over 1 min. Polyphenol oxidase activity was expressed as the change in absorbance of the reaction mixture per mg of total protein per min (Mohammadi and Kazemi 2002).
Catalase assay
The CAT activity was assayed by measuring the rate of disappearance of H 2 O 2 at 240 nm using the method proposed by Kato and Shimizu (1987) . Three ml of catalase assay reaction mixture containing 10 mM potassium phosphate buffer (pH = 7.0), 0.1 ml root extract, and 0.035 ml H 2 O 2 (3%) are used. The observed decline in the optical density at k max of 240 nm was concluded to be an indication of the decrease in H 2 O 2 content. Catalase activity was expressed as the change in absorbance of the reaction mixture per mg of total protein per min.
H 2 O 2 content assay
Hydrogen peroxide levels were determined according to Velikova et al. (2000) . Root tissues (500 mg) were homogenized in an ice bath with 5 ml 0.1% (w/v) trichloracetic acid (TCA). The homogenate was centrifuged at 12,000g for 15 min and 0.5 ml of the supernatant was added to 0.5 ml, 10 mM potassium phosphate buffer (pH 7.0) and 1 ml, 1 M KI. The absorbency of supernatant was read at k max = 390 nm. The hydrogen peroxide content was calculated based on a standard curve made by measuring known hydrogen peroxide concentrations ranging from 0 to 1,000 lM in the same assay.
Total phenolic compounds assay
Cucumber roots (0.5 g) were homogenized in 8 ml of 80% acidified ethanol. The homogenate was centrifuged at 4,000g at room temperature for 5 min and then 1 ml of the methanolic supernatant was added to 5 ml of distilled water and 250 ll of Folin-Ciocalteu reagent (Merck), and the solution was incubated at room temperature. After 3 min, 1 ml of a saturated solution of Na 2 CO 3 and 1 ml of distilled water was added and the reaction mixture was incubated for 1 h. The absorbance of the developed blue color was measured at 725 nm using a blank, water and reagent only. Caffeic acid (Fluka) was used as reference phenolic compounds. The total phenolic compounds of samples were expressed as milligram caffeic acid per gram of root fresh weight (Malick and Singh 1980) .
Isoperoxidase study
Soluble peroxidase isozymes were studied in the manner of Seevers et al. (1971) with the following modification. Native-polyacrylamide gel electrophoresis (native-PAGE) with a 12% running and 6% stacking gel at 4°C was carried out at 75 and 100 v in stacking and running gel, respectively. The crude extract from above mentioned treatments was used in this study. Equal amount of total protein (40 lg) from each treatment was added to each gel lane. After the dye front reached the end of running gel, the gel was treated with 200 ml of 25 mm citrate-phosphate buffer, pH = 5.4, containing 5 mm guaiacol for 30 min. Then, 2 ml of 30% H 2 O 2 was added dropwise with constant shaking until bands representing POX activity appeared. Immediately after resolution of bands, R f value of each isozyme was determined and the gels were recorded photographically.
Statistical analysis
Growing, inoculation, and sampling of plants were performed twice and the mean of two assays was used for statistical analysis as the value of each replicate. Data were statistically analyzed, using the SAS version 9.0 (Statistical Analysis System Institute Inc., Cary, NC, USA), by ANOVA. Statistical significance between mean values was compared by Duncan's multiple range test P values \0.05.
Results
Effects of application of BABA on M. javanica infection
The cucumber plants from nematode second juveniles (J2) infested soils treated with BABA exhibited a significant reduction in disease level (number of galls per plant) as well as the number of egg masses and number of eggs per individual egg mass per plant as compared with the control (Table 1) , however, root and aerial portion fresh weight of cucumber treated with BABA were significantly increased compared nematode inoculated plants but with no significant difference with control and other treatment (Figs. 1, 2 ).
Changes in enzyme activities
As showed in Fig. 3 , GPOX activity at an approximately equal level in BABA ? nematode and BABA treatments started on the first day after inoculation and increased day by day, reaching the maximum at fourth day, followed by a gradual decrease thereafter. Significant differences were observed among these treatments in comparison to nematode inoculated roots and sterile distilled water-treated roots. GPOX activity also showed significant difference in nematode inoculated roots in comparison to sterile distilled water-treated roots in third and fourth day after nematode inoculation. Figure 4 shows that PPO activity with significant difference increased in BABA ? nematode treatment in comparison to all other treatments and nematode inoculated seedlings (control), during 1-4 days after inoculation and reached to maximum level at fourth day after inoculation and followed by a gradual decrease thereafter. Decreasing of PPO activity in BABA ? nematode and nematode inoculated seedlings treatments were notably more than BABA-treated seedlings and specially 7 days after inoculation.
Catalase activity in BABA ? nematode treatment as BABA-treated seedlings significantly increased during 1-3 days after nematode inoculation in comparison to nematode inoculated seedlings (control) and sterile distilled water-treated seedlings. Enzyme activity reached to maximum at 3 days after inoculation followed by a gradual decrease thereafter. Enzyme activity in nematode inoculated seedlings did not showed significant differences in comparison to sterile distilled water-treated seedlings (Fig. 5) Data are the average of two trials each with ten replicated plants per treatment ± standard error LSD (least significant difference) calculated at P B 0.05 accumulation in comparison to nematode inoculated (control) and sterile distilled water-treated seedlings 1 day after inoculation, followed by a gradual decrease during 1-3 days after it. No significant differences were observed among all treatments during these days. Further increase in H 2 O 2 accumulation occurred after 4 days and So accumulation of H 2 O 2 elevated in two phases, i.e., early after treatment (1 day after treatment) and after 4 days (Fig. 6) . Maximum level of H 2 O 2 in this experiment was observed at fifth day after inoculation.
Total phenolic compounds content
Accumulation of total phenolic compounds in BABAtreated seedlings significantly increased during days after treatment in comparison to nematode inoculated (control) and sterile distilled water-treated seedlings and reached to a maximum level at 7 days after treatment and then followed by a decrease. BABA ? nematode treated increased accumulation of total phenolic compounds with significant differences compared to BABA-treated seedlings till 3 or 4 days after inoculation but followed by gradual decrease 4 or 5 days after nematode inoculation. Nematode inoculated seedlings did not showed significant differences in comparison to sterile distilled water-treated seedlings in all 10 days after nematode inoculation (Fig. 7) .
Isoperoxidase study Native-PAGE assay indicated that 4 acidic isozymes designated R f = 0.31, 0.34 0.36 and 0.39 in cucumber roots could be activated by BABA and M. javanica. R f = 0.31 with an equal intensity appeared in all treatments, but in BABA treated roots it was the lower among other treatment and control (inoculated with nematode). R f = 0.34 band was condense in seedling root treated with BABA, BABA ? nematode and control, but weakly appeared in sterile distilled water treated root. This band was the highest in BABA ? nematode inoculated roots. R f = 0.36 and 0.39 isozymes were relatively condense in BABA ? nematode inoculated roots in comparison to control (inoculated with nematode) and other treatments (Fig. 8) .
Discussion
Induced resistance exploiting natural defense of plants could be proposed as an alternative approach for plant protection. This study assessed the effects of BABA on nematode infection and induction of some plant defense compounds in cucumber roots. BABA is a known chemical plant defense activator and has been used successfully to induce resistance against a wide spectrum of pathogens. This study showed that BABA stimulate the GPOX, PPO, CAT, H 2 O 2 and total phenolic compounds in cucumber roots against root-knot nematode, M. javanica. Siegrist et al. (2000) showed that local spray application of BABA caused effective resistance to TMV in tobacco plants. They also showed that this resistance is associated with the rapid generation of superoxide and hydrogen peroxide, occurrence of lipid peroxidation in treated tissues, a local and systemic increase of salicylic acid (SA) levels and the expression of PR-1a, a molecular marker of SAR in tobacco. In previous studies, plant defense compounds such as pathogenesis-related (PR) proteins (b-1,3-glucanase, chitinase) and salicylic acid were reported to increase in plants which were treated with BABA (Kook Hwang et al. 1997) . POX and PPO catalyze the last step in the biosynthesis of lignin and other oxidative phenols. Also, POX is involved in the production or modulation of active oxygen species which may play various roles directly or indirectly in reducing pathogen viability and infection (Lamb and Dixon 1997) . Studies have showed that peroxidases could be involved in production as well as scavenging of H 2 O 2 (Kvaratskhelia et al. 1997; Velikova et al. 2000; Willekens et al. 1995) , in reinforcement of cell walls (Vance et al. 1980) , deposition of polyphenolics (Lagrimini 1991) , and polymerization of suberins (Kato and Shimizu 1987) . In addition, POX and PPO play a central role in triggering the hypersensitive reaction (HR), in the crosslinking and lignification of the cell wall and in transducing signals to adjacent non-challenged cells. The increased activation of PPO and POX could be detected in the cucumber leaf in the vicinity of lesions caused by some foliar pathogens or phosphate application (Avdiushko et al. 1993) . H 2 O 2 accumulation could be considered as one of the many plant defense molecules and as a secondary messenger in the systemic signal network of plant cells (Shetty et al. 2003) . The increase in H 2 O 2 level may also cause pathogen destruction. Our observation shows that as a conspicuous host response, H 2 O 2 accumulation occurred to a significantly higher degree in the BABA ? nematode and BABA treated plants. Such increases have occurred in two phases and maximum levels of them were observed at 5 days after treatment. The first phase is observed 1 day after inoculation and gives rise to a moderate. This H 2 O 2 accumulation probably represents an early recognition phenomenon. After this first increase, a second, much larger increase occurs. This accumulation may take place as a response of plant to inducer or pathogen. H 2 O 2 production during the infection of Arabidopsis thaliana by the soybean cyst nematode Heterodera glycines was detected histochemically by Waetzig et al. (1999) . They showed that H 2 O 2 can be produced by: (1) those cells that were mechanically damaged during invasion and the feeding site induction by the nematode, (2) those cells which surround the developing syncytia, and (3) those cells which were in contact with neither the nematode nor with the syncytium. They also showed that the H 2 O 2 which is involved in the biphasic oxidative burst is the production of the defense response of A. thaliana against H. glycines. Sahebani and Hadavi (2009) also showed two distinct phase in H 2 O 2 accumulation in tomato infected roots with root-knot nematode treated with several chemical and microbial elicitors (BABA, SA and p. fluorscens CHA0). They showed a moderate but transient increase during the first phase early after nematode inoculation and a second but much larger increase at 5 days after treatment.
Phenolic compounds are also naturally antifungal compounds and higher accumulation in plants reduces pathogen attack and makes the plants less susceptible to pathogen attack (M'Piga et al. 1997 ). In our study also, a higher accumulation of phenolic compounds was recorded with BABA application at 7 days interval in cucumber plant against root-knot nematode, M. javanica. In addition to direct effects of phenols on pathogens, phenolic compounds are oxidized to form more toxic, quinones, by peroxidases (Gogoi et al. 2001) .
Native-PAGE assay indicate that BABA can induce POX isoforms (R f = 0.36 and 0.39) more than nematode inoculated plants but two other isoforms (R f = 0.31 and 0.34) are more or less the same in both treatments. Results suggest that isoforms of R f = 0.36, 0.34 and 0.39 contribute in plant defense programs more than R f = 0.31 isoform.
The results of our study suggest that induction of resistance by inducers can be used as an alternative way for managing root-knot nematodes on selected crops and under certain circumstances. Due to the problems caused by chemical control such as their deleterious effects on human health and environment, development of such alternative ways in management of root-knot nematodes and other pathogens is of great importance.
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